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ABSTRACT
The properties of the turbulence which develops in the outflows of magnetic reconnection have been investigated
using self-consistent plasma simulations, in three dimensions. As commonly observed in space plasmas, magnetic
reconnection is characterized by the presence of turbulence. Here we provide a direct comparison of our simulations
with reported observations of reconnection events in the magnetotail investigating the properties of the electromagnetic
field and the energy conversion mechanisms. In particular, simulations show the development of a turbulent cascade
consistent with spacecraft observations, statistics of the the dissipation mechanisms in the turbulent outflows similar
to the one observed in reconnection jets in the magnetotail, and that the properties of turbulence vary as a function
of the distance from the reconnecting X-line.
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1. INTRODUCTION
Turbulence and magnetic reconnection are two fun-
damental phenomena in space plasmas. The former is
responsible for the cascade of magnetic and ordered ki-
netic energy from large scale, where the energy is in-
jected, to small scales, where the energy can be trans-
formed to particle heating and acceleration. The latter
consists in the reconfiguration of magnetic field topol-
ogy with the effect of decreasing magnetic energy in
favor of particle heating or acceleration. These two
phenomena are not separate in nature, but on the con-
trary they often go “hand-in-hand” (Matthaeus & Velli
2011). The effects of turbulence on magnetic recon-
nection have been widely studied in magnetohydrody-
namics (MHD) (Matthaeus & Lamkin 1986; Lazarian &
Vishniac 1999; Loureiro et al. 2007, 2009; Kowal et al.
2012), while remaining not well-understood in the con-
text of collisionless plasmas. It has also been shown
that the generation of strong small-scale current sheets
in the turbulent cascade provides the conditions for the
onset of reconnection, making the latter a fundamen-
tal ingredient of the former (Servidio et al. 2009, 2011).
On the other hand, the self-generation of turbulence in
magnetic reconnection has been studied as well theoret-
ically in two-dimensional (2D) numerical simulation of
MHD (Matthaeus & Lamkin 1986; Malara et al. 1991,
1992; Lapenta 2008; Bhattacharjee et al. 2009).
In the recent years, thanks to the steady increase
of the available computational resources, the full self-
consistent description of three-dimensional (3D) recon-
nection has become a reality. It has been shown that
in 3D new phenomena arise that change the picture
of how and where the magnetic energy is converted to
plasma energy (Daughton et al. 2011; Lapenta et al.
2015). Many of these discoveries concern the physics
of the outflows of reconnection: Vapirev et al. (2013)
showed that an interchange instability develops at the
interface between the plasma ejected from the first re-
connection site and the ambient plasma; Lapenta et al.
(2015) that in the reconnection outflows a large number
of secondary reconnection sites develops; and Leonardis
et al. (2013) that intermittent turbulence develops in the
outflows.
Observations reveal the presence of a large number of
reconnection events, from large to small scales (Retino`
et al. 2007; Greco et al. 2016). Analogously, it is com-
monly observed that large scale exhausts are far from be-
ing in a laminar and regular regime, showing instead the
clear manifestation of turbulence (Osman et al. 2015).
More specifically, spacecraft observations of reconnec-
tion have also revealed the presence of turbulence within
the ion diffusion region (Eastwood et al. 2009). In the in-
ertial subrange, electric and magnetic fluctuations both
followed a classical k−5/3 power law; at higher frequen-
cies, the spectral indices were near −1 and −8/3, re-
spectively.
In this paper, motivated by spacecraft observations,
such as the studies by Eastwood et al. (2009) and Os-
man et al. (2015), we study the properties of turbulence
in the outflows of reconnection by means of a 3D ki-
netic numerical simulation. We recover many features
of turbulence that develop in the reconnection outflows
as observed in the Earth magnetotail. We show that a
turbulent energy spectrum develops at kinetic scale as
a consequence of reconnection. The slope of the elec-
tric and magnetic energy spectra at ion scales are found
to be consistent with observation, along with the scale
at which the two spectra depart one from the other.
We better characterize where and how the energy ex-
change between fields and particles happens in a recon-
nection event. Our results show that dissipation takes
place manly in the outflows and it is intermittent. More-
over, we show how the properties of the turbulence varies
moving away from the X-point in the outflow direction.
Our results are relevant to the physics of the magneto-
tail and could be useful to better understand the ongoing
Magnetospheric MultiScale (MMS) Mission observation
of that region.
2. NUMERICAL SIMULATION AND ANALYSIS
In our simulation, we consider a plasma made of pro-
tons and electrons. The initial configuration is the clas-
sical Harris-equilibrium:
B = B0x tanh(y/δ)ex +B0zez
n = n0b +
n0
cosh2(y/δ)
.
The coordinates are chosen as: x along the sheared com-
ponent of the magnetic field (Earth-Sun direction in the
Earth magnetotail), y in the direction of the gradients
(north-south in the magnetotail), and z along the cur-
rent and the guide field (dawn-dusk in the magneto-
tail). For both species, the particle distribution func-
tion is Maxwellian with spatially homogeneous temper-
ature. A uniform background n0b is added in the form
of a non-drifting Maxwellian at the same temperature of
the main Harris plasma. We solve the Vlasov-Maxwell
equations for the two species using the semi-implicit
Particle In Cell code iPIC3D (Brackbill & Forslund
1982; Markidis et al. 2010; Lapenta 2012). We con-
sider a 3D box of shape [40, 15, 10] dp, where dp is the
proton inertial length, which is resolved by a Carte-
sian grid of [720, 270, 228] cells, each one initially pop-
ulated with 125 particles. We use a realistic mass ra-
tio, mp/me = 1836, which fixes the spatial resolution
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Figure 1. Power spectra of magnetic (blue bullets) and
electric (open red circles) fields as a function of the perpen-
dicular k-vector (with respect to the reconnecting field di-
rection). Spectra have been reduced along kx. Dashed (red)
line and dot-dashed (blue) lines indicate the behavior of the
observations for the magnetic (∝ k−8/3) and electric spectra
(∝ k−1), respectively.
to ∆x = dp/18 ∼ 2de, where de is the electron iner-
tial length. The proton and electron thermal speeds are
0.0063c and 0.12c respectively at the initial time, where
c is the speed of light, resulting in a temperature ratio
of Tp/Te = 5. The thickness of the initial current sheet
is set to δ = 0.5dp, the density of the background such
that n0b/n0 = 0.1, and the case of small guide field is
considered: B0z/B0x = 0.1. We impose open bound-
ary conditions in the x and y direction, and periodicity
along z. The magnetic reconnection process is initialized
with a perturbation of the z component of the vector
potential localized in the center of the domain (Vapirev
et al. 2013). The plasma ejected from the first reconnec-
tion sites encounters the ambient plasma and piles up
forming the reconnection front. This front is unstable
producing magnetic fluctuations and initiating the tur-
bulent cascade. It moves towards the boundaries and
eventually exits the simulation box. We stop the simu-
lation when the reconnection front has already started
moving and is far enough from both the boundaries to
study the turbulence that develops in front of it. This
time corresponds to t ≈ 23.3Ωcp, where Ωcp is the pro-
ton cyclotron frequency computed using the asymptotic
magnetic field, which is the time at which we performed
the bulk of our analysis.
2.1. Electric and magnetic spectra
In order to establish a first connection between plasma
simulations of turbulent reconnection and the obser-
vations, we computed the power spectral densities of
the fluctuations. Because of the inhomogeneous back-
ground, it is important to first establish the anisotropy
level and, in general, the 3D properties of turbulence. As
we are interested in the fluctuations produced by mag-
netic reconnection, we define the magnetic fluctuations
as
b(x) = B(x)− 〈Bx(x)〉x,zex − 〈B(x)〉x,y,z
where 〈•〉 represents spatial averaging in the (2 or 3) di-
rections indicated by the suffix. The above definition
subtracts both mean fields and the large-scale shear:
the second term in the right-hand side represents the
signature of the background Harris sheet that is still
present at the time we are analyzing, while the last
term is the (small) guide field. The reduced auto-
correlation function, computed in each direction, av-
eraging over the entire volume, is defined as C(rj) =
〈b(x+ rj rˆj) · b(x)〉x,y,z/b2. Here j = x, y, z, rˆj are the
unit vectors in the three directions, and b2 the average
magnetic energy of the fluctuations, i. e. b2 = C(0).
In an infinite size system, for regular statistics, the
autocorrelation function tends to zero for large values
of the displacements, indicating convergence of the mo-
ments. We computed C(rj) at the peak of the non-
linear activity, measuring the correlation length of the
fluctuations λCj as the displacement at which the cor-
relation function is reduced by a factor 1/e. Using
this e-folding procedure, we measured: λCx = 4.4dp,
λCy = 2.8dp, and λCz = 1.7dp. This difference be-
tween correlation lengths indicates spectral (or correla-
tion) anisotropy among the three main directions. The
large scale (energy containing) vortexes are more elon-
gated in the x direction (along the reconnecting field).
There is a secondary anisotropy due to the presence of
the shear along y, which suggest that the coherent struc-
tures have the shortest extension along the periodic di-
rection z. This observation is therefore in agreement
with the anisotropic geometry of the problem.
In order to compute the power spectra, we used
Hanning-windowing in the x and y directions, isolating
the central exhausts. The window size and sharpness
has been varied, verifying that the chosen parameters do
not alter the spectrum significantly. Three dimensional
energy spectra of the magnetic field confirm what was
found about the correlation lengths. It is worth noting,
however, that the main anisotropy direction is along x,
and that the anisotropy in the yz plane is smaller, and is
negligible at scales r  λCz . This effect of isotropization
is typical of small-scale turbulence. In our case, isotropy
is recovered in the (ky, kz) plane for kyzdp > 1.5, with
kyz =
√
k2y + k
2
z . Therefore it is reasonable to com-
pute the total energy spectrum by integrating over kx
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Figure 2. Energy exchange Dl = J · E in the xy plane
averaged in the z direction (a), and in the yz plane at x =
31 dp (b), x = 34 dp (c), x = 37 dp (d). The x-line is located
at x = 20 dp. The three boxes in panel (a) are the ones used
for the statical analysis presented in Section 2.2.
and computing concentric isotropic shells in the (ky, kz)
plane. The results for the electric and magnetic energy
are shown in Figure 1. In agreement with space plasma
observations (Bale et al. 2005; Eastwood et al. 2009),
the two spectra exhibit a different power law decay at
proton scales, with the electric spectrum proceeding at
sub-proton scales with spectral index ∼ −1, while the
magnetic behaves more like ∼ k−8/3. The character-
istic spatial scale at which the two spectra depart is
kdp ∼ 1, in accordance with observations. In order
to compare the two spectral indexes, the electric field
power spectrum has been rescaled by a factor 5 × 103.
Eastwood et al. (2009) found a factor of ∼ 9 × 104, an
order of magnitude larger. However, in our simulation
the Alfve´n speed and the ion thermal speed are ∼ 1.5
and ∼ 3.0 times bigger than their typical values in ob-
servation. From a dimensional analysis of Faraday’s law
we get that E/B ≈ v, where E, B and v are character-
istic quantities. Hence, it is expected that the electric
activity will increase if the typical plasma velocities in-
crease.
2.2. Energy exchange between fields and particles
The energy exchange between fields and particles is
governed by the term J · E, where J is the total cur-
rent, sum of protons and electrons contributions, and E
is the electric field. When Dl = J · E is positive the
energy is flowing from the fields to the particles, when
it is negative energy is passing from particles to fields.
It is sometimes referred to as the dissipative term, even
though the energy transfer from magnetic field to parti-
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Figure 3. PDFs of Dl and Dp (a), J (b), and Ep (c).
Red dashed lines represent the normalized Gaussian curve.
Mean Dp conditioned on local current density thresholds and
(right axis) fraction F of the full box data used to compute
the averages (d).
cles is not always an irreversible process, and so it does
not strictly imply dissipation. Despite this fact, for the
purpose of our paper we will keep this definition, also
used elsewhere (Zenitani et al. 2011; Olshevsky et al.
2015, 2016), and from now on we will use Dl as a proxy
for dissipation or more properly energy release from the
electromagnetic field (in the laboratory frame). A 2D
plot of Dl integrated in the z direction is shown in Fig-
ure 2. As shown in other works, in collisionless magnetic
reconnectionDl is not concentrated only around the first
reconnection site (Lapenta et al. 2014, 2015). In fact,
it takes nonzero values in a wider region contained in
the outflows (panel (a)). Moreover, Dl is strongly inho-
mogeneous inside the outflows. In order to characterize
this inhomogeneity we plotted Dl in the plane facing the
outflows, yz, at three different positions along x: 31dp,
34dp, and 37dp. The largest values of Dl are found in
the region where the plasma ejected by reconnection en-
counters the ambient plasma and is decelerated, near
x = 31dp in the right outflow. This region is character-
ized by an interface instability, which was studied in Va-
pirev et al. (2013). Dl is stronger in that position and
decreases moving outwards from the first reconnection
site in the outflow direction. Note that Dl has in general
both positive and negative values, but in the considered
region its average is always positive, indicating a net
flow of energy from fields to particles. In order to give
a better description of how energy is converted and to
compare our results with observations, we performed a
statistical analysis similar to what presented by Osman
et al. (2015), where a dissipation analysis was performed
on observational data in a magnetic reconnection out-
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Figure 4. PDFs of Dl and Dp in BOX1 (a), BOX2 (c), and
BOX3 (e). Conditioned average of Dp and filling factors F
in BOX1 (b), BOX2 (d), and BOX3 (f).
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Figure 5. Conditioned average of Dp (a) and filling factor
(b) in BOX 1 (red), BOX 2 (green), and BOX 3 (blue).
flow in the magnetotail. It is worth noticing that in Os-
man et al. (2015) the statistics were made from temporal
data collected by the satellites crossing the reconnection
outflow, while in our case the whole simulation box is
used as a single sample. In panel (a) of Figure 3 the
Probability Density Functions (PDFs) of Dl and Dp are
plotted. Dp represents the dissipation proxy in the pro-
ton reference frame and is given by Dp = J · Ep, where
Ep = (E+Vp ×B) is the electric field in the proton
reference frame, Vp representing the proton bulk veloc-
ity. The two PDFs are compared with the normalized
Gaussian distribution (plotted in dashed-red line). They
strongly depart from Gaussian distributions, presenting
instead high tails up to several standard deviations σ,
which can be interpreted as a signature of intermittency.
In panel (b) and (c), we present separately the PDFs of
the two terms which compose Dp. In agreement with
what was found in the space measurement, the PDFs
of J and Ep are both non-Gaussian. In panel (d), the
average Dp conditioned to a threshold current density is
shown. The plot is constructed as follows: a threshold
in the current density magnitude is considered and the
average of Dp is computed using all those points in the
domain where the value of the current is bigger than
the fixed threshold. This average is then normalized to
the average of Dp on all points, which gives by defini-
tion 〈Dp|J = 0〉/〈Dp〉 = 1. The black points in the
plots represent the result of such computation for differ-
ent values of the threshold. The blue curve represents
the filling factors, i.e. the fraction of points used for
computing the average with respect to the total num-
ber of points in the sample. The average of Dp strongly
increases when higher threshold are considered up to
J/Jrms = 10. Beyond this threshold, the average starts
decreasing and changes sign to reach large negative val-
ues for the strongest current density. Our results con-
firms that the exchange of energy is local, with larger
values of |Dp| localized in very small volume filling struc-
tures. We show as well that even if the average of Dp
is positive, points where the value of the current is very
strong can be site of negative Dp. This is not a univer-
sal behavior, but indeed depends on the particular time
considered in the simulation: we performed the same
analysis at a different time step (not shown) finding pos-
itive values of Dp for big current values. However, at all
times the energy exchange is consistently concentrated
in small regions, where the values of Dp is much larger
than its global average.
The above statistical analysis was performed con-
sidering the whole simulation box, providing informa-
tion about the average properties of the dissipation
proxy in the reconnection events. In order to obtain
a more detailed description, and to identify in which
place the energy exchange actually occurs we perform
the previous statistical analysis in three different re-
gions of the simulation, by selecting three boxes located
in the left reconnection outflows at three different dis-
tances from the X-point. The boxes are identified by
6 < y/dp < 9 (reconnection zone), 0 < z/dp < 10
(full domain in z), and with BOX1 = {26 < x/dp < 29},
BOX2 = {29 < x/dp < 32}, BOX3 = {32 < x/dp < 35}
(see Figure 2). Moving further in the direction of the
outflows the PDFs become non-Gaussian. This tran-
sition happens between BOX1 and BOX2 (Figure 4,
panels a-c). Moreover, passing from BOX2 to BOX3
the PDFs of Dp and Dl become more similar, suggest-
ing that proton inertia become less important in the ex-
haust of reconnection. The evolution of the conditioned
average is interesting as well (Figure 4, panels b-d-f).
Moving from BOX1 to BOX3 the conditioned average
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of Dp increases for bigger values of the current density
threshold. This is more evident in the direct comparison
shown in Figure 5, where the normalized conditioned av-
erage grows from BOX1 to BOX3 (panel a). Similarly,
the structures filling factor shows higher tails passing
from BOX1 to BOX2 and BOX3.
3. CONCLUSIONS
We have used a 3D kinetic numerical simulation to
study the properties of the turbulence that develops
in the outflow of magnetic reconnection using parame-
ters typical of the Earth magnetotail. Simulations have
shown that such turbulence is anisotropic, with large
scales dominated by fluctuations whose wavevector is
directed in the direction of the reconnecting magnetic
field. Magnetic and electric turbulent energy spectra fol-
lows two different power laws at scales smaller than the
proton inertial length, with slopes which are in agree-
ment with observations. Like the turbulent activity, the
energy exchange between fields and particles is concen-
trated in the outflows, where the strongest values of dis-
sipation are found at the interface between the plasma
ejected by reconnection and the ambient plasma. Sta-
tistical analysis of the dissipation proxy confirms that
the energy exchange between fields and particles occurs
in small volume filling structure where the value of the
current is much stronger than its root mean square. The
current sheets produced by the turbulent activity com-
pared to their root mean square values are stronger in
numerical simulation compared to observations. This
difference could be due to the curlometer technique used
to estimate current density from magnetic field mea-
surements. Moreover, we showed that in those places
where the value of the current densities are very high
and which are not resolved by observations, the energy
can also be transferred from particles to field. Finally,
we showed that the properties of the turbulence pro-
duced in the outflows varies in space becoming more
intermittent moving far from the X-point. We believe
that these results could be used to better explain the
upcoming MMS Mission observations of the magneto-
tail.
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